ImpACt AND ImplICAtIONs fOR expOsURe sCIeNCe
Recognition of the problems with continued use of "total suspended particles" (TSP) as an index of health risk led to a series of reanalyses of the London experience and new studies of exposure-health relationships in US populations. Notable among these was the "Harvard six-cities study," which began as a long-term prospective study of both adults and children but expanded to include related epidemiology and exposure studies. Improved measurements of pollutant gases, particle size fractions, and sulfates were especially important in the 1987 and subsequent NAAQS reviews. Other analysts from the US Environmental Agency (EPA) and academe pioneered in the development of more sensitive statistical methods used in new and reexamined previous studies, to take fuller advantage of existing regulatory monitoring data as well as the growing Harvard data (Greenbaum et al., 2001 ). An explosion of scientific papers that began to emerge in the 1990s demonstrated
The US Environmental Agency (EPA) sets primary National Ambient Air Quality Standards (NAAQS) to protect people, including sensitive populations, from the adverse health effects of certain air pollutants, including particulate matter (PM). Airborne PM is a mixture of varying physical and chemical composition, but its regulatory limits are currently based only on weight (mass) concentrations, within two broad ranges of "aerodynamic" diameters measured in micrometers: <10 µm and <2.5 µm.
The figure shows the relative size and respiratory penetration of PM regulated by the NAAQS. The original (1971) NAAQS for "total suspended particles" (TSP) also included much larger, noninhalable particles. By 1987, the focus was on the combination of fine (<2.5 µm) and coarse (<10 µm) particles, all of which can be inhaled into the lower respiratory tract (Lippmann and Leikauf, 2009 ). Subsequent research using both PM 10 and fine-particle monitors found effects at levels below those of the 1987 standards, leading to new standards for PM 2.5 and PM 10 (Bachmann, 2007) . These size fractions have different chemistries and different exposure patterns, which can significantly influence health effects. On the basis of the most recent scientific assessments, many experts agree that fine PM is more strongly associated with cardiovascular health effects, including mortality, than coarse PM. Most experts agree that inhalable coarse particles are a risk factor for adverse pulmonary responses.
The initial focus on inhalable particle-size ranges (PM 10 and PM 2.5 ) enabled the development of NAAQS that were effective in reducing exposures known to cause adverse health effects. However, they are far from ideal in that we now know that some chemical components of PM are more toxic than other components. Advances in exposure science to better understand the components are fundamental to the next generation of NAAQS.
This Exposure Science Digest is sponsored by the International Society of Exposure Science (www.isesweb.org) in celebration of its 20th anniversary. the significant influence of particle size and mass and suggested that some degree of effect occurred at all PM concentrations, even those that were extremely low-i.e., there is no evidence for a threshold (Lippmann, 2009a; US Environmental Protection Agency, 2004) . Exposure studies played an important role in evaluating the credibility of epidemiology studies that used outdoor monitors to measure exposure to air of ambient origin.
Collectively, the large, growing, and generally consistent literature on the adverse health effects of PM exposure provided sound scientific rationales for the more stringent PM NAAQS promulgated in 1997 and 2006. The resulting reductions in PM have saved lives (Laden et al., 2006) . While sharpening the focus of the PM NAAQS by particle-size characteristics is good and is consistent with the mandate of the Clean Air Act, this approach has, in my view, gone about as far as is reasonable to go. To serve the public needs and interests, it is now time for the EPA and the scientific community to generate the data needed to provide an adequate basis for chemical component-specific PM NAAQS that will target the PM components and/or sources that are most directly responsible for the adverse effects associated with PM mass concentrations.
To its credit, the EPA has taken significant steps to facilitate epidemiological studies that can associate PM components and sources with health effects. Unfortunately, the PM chemical composition data being generated are severely limited because there are only one or a few sites in each city, and PM samples are collected only every third or sixth day. For components that are fairly uniformly distributed over urban areas, such as sulfate, this problem is not very severe when considering long-term average concentrations. But for components associated with vehicular traffic, seaports, airports, and space heating with dirty fuels, the highly variable exposure distributions among the populations at risk are a severe limitation (Peltier and Lippmann, in press ). Furthermore, the lack of daily data on concentrations makes it all but impossible to accurately study acute responses to peaks in exposure. These limitations, as well as potential solutions through the application of new exposure science technology, were addressed at a recent EPA workshop and provided a basis for research recommendations as reported by Lippmann (2009b) .
The ability of targeted research to characterize the impact of PM chemistry has been reviewed by Lippmann and Chen (2009) , who describe recent studies of the effects of chronic exposures to chemically analyzed PM 2.5 mixtures on human populations and laboratory animals. Results show closer associations of effects with some metals and elemental carbon than with other components. In one animal study, trace amounts of nickel were implicated as a cause of changes in cardiac function. This demonstrates the urgent need for advances in exposure science that can be applied in routine detailed chemical analyses of PM 10 and PM 2.5 , so that the most toxic components can be clearly identified (Lippmann, 2009b) . With this new knowledge, we will be able to develop future PM NAAQS that are more closely targeted on the most toxic components and are more efficiently implemented.
